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Abstract
The comprehensive study of the temperature dependent x-ray absorption spectroscopy (XAS)
reveals a dynamical spectral weight α in YBa2Cu3Oy (YBCO). Large spectral weight changes for
both the Upper Hubbard band and the Zhang-Rice band due to dynamics of holes are experimen-
tally found in the underdoped regime. A large value of α ≥ 0.3 is indispensable to describing XAS
of YBCO with the conservation of states. The value of α is linearly proportional to the pseudo-
gap temperature in the underdoped regime, but becomes smaller as the doping level goes to the
undoped limit. Our results clearly indicate that the pseudogap is related to the double occupancy
and originates from bands in higher energies.
PACS numbers: 74.72.-h, 78.70.Dm, 71.27.+a, 74.72.Kf
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The high-temperature superconductor(HTSC) is still a challenging subject in condensed
matter physics. The underlying mechanism for high-Tc superconductivity is considered
elusive by many researchers in this field. In addition, above Tc in the normal state, there
exists another energy scale due to which many unconventional phenomena occur [1]. For
example, the resistivity ρ of HTSC shows a linear temperature dependence above some
characteristic temperature T ∗ and decreases below T ∗ [2, 3], indicating that the scattering for
the transport carriers experience becomes less significant below T ∗. The nature of PG have
been under debate for a long time and is believed by many to be the key to the origin of high-
temperature superconductivity. Another crucial factor in HTSC is the electron correlation.
In contrast to be metals as predicted by band structure calculations, the undoped CuO2
plane in HTSC is a Mott insulator with a strong correlation gap, U , separating the upper
Hubbard band and the lower Hubbard band. As one dopes HTSC with holes into the
oxygen orbitals, the holes hybridize with Cu spins to form the Zhang-Rice singlet [4] band
residing between the upper Hubbard band and the lower Hubbard band. It is therefore
widely believed that the Hubbard model and thus the Mott physics, which dealt with the
strong electron correlation, are indispensable to the understanding of the HTSC underlying
mechanism. Even though the on-site Couloumb repulsion suppresses electrons to doubly
occupy the same Cu site, the double occupancy may occur mediated by the non-zero t/U
term (t being the the hopping constant) and could hop off to a neighboring empty site. Hence
there must be dynamical contributions to the spectral weight. In this Letter, for the first
time through the dynamical effects revealed by the temperature dependent x-ray absorption
spectroscopy (XAS), a strong experimental link between PG and the double occupancy in
the strong electron correlation regime is found.
One of the key features that makes doped HTSC different from conventional metals is that
the Zhang-Rice band that supports superconductivity is not rigid and its spectral weight
depends strongly on the doping level and the upper Hubbard band. Indeed, as shown in
early x-ray absorption spectroscopy (XAS) [5], there are large spectral weight changes for
the Zhang-Rice band as the doping level is tuned. This spectral weight change is attributed
to the spectral weight transfer from the upper Hubbard band. In the atomic limit, for each
hole, there are two ways of adding an electron into the hole. Consequently, it is expected that
the weight among the the Zhang-Rice band, the lower Hubbard band and the upper Hubbard
band is 2p, 1 − p, and 1 − p respectively, with p being the doping level. Experimentally,
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however, the Zhang-Rice band always appears to be much enhanced with weight more than
2p. Recently, it is further suggested that the Zhang-Rice singlet may even breakdown at
p ∼ 0.21 in the overdoped region, probably correlated to the vanishing spectral weight in
the upper Hubbard band [6]. As for the dynamical contribution to the spectral weight,
theoretical attempt is summarized in the derived sum rules [7, 8]. The ratio for the spectral
weight is shown to be 2p + α, 1 − p, and 1 − p− α for the the Zhang-Rice band, the lower
Hubbard band and the upper Hubbard band respectively, where α is the dynamical spectral
weight. In the lowest order, it is shown that α = 2K/U with K being the average kinetic
energy of the ground state with double occupancy removed [8]. Very recently, a different
weight ratio with 2(p + α), 1 − p − α, and 1 − p − α for the the Zhang-Rice band, the
lower Hubbard band and the upper Hubbard band respectively was proposed in considering
the symmetry between the occupied part of the lower and upper Hubbard bands. Here,
however, α is identified as the density of doublon-holon bound states [9]. Although different
conclusions are drawn, these results imply that it is possible for the weight of the upper
Hubbard band to vanish much early before the doping level hits one and may explain the
observation of Ref.[6]. To date, however, there has been no experimental effort to identify
the dynamical contribution.
To serve this purpose, the temperature dependence of the O-K edge spectral weight in
YBa2Cu3Oy was examined. O-K XAS measurements, with a photon energy resolution of
0.15 eV at 530 eV, were conducted at the high-energy spherical grating monochromator
beamline of National Synchrotron Radiation Research Center in Taiwan. The spectra were
taken at various temperatures from T=300 K to 15 K. The self-absorption corrections were
applied to all spectra to correct the saturation effects. Details of the XAS measurements were
described elsewhere [12]. YBa2Cu3Oy (YBCO) and nominal Y0.7Ca0.3Ba2Cu3Oy (YCBCO)
thin films were prepared on (100) SrTiO3 substrates using pulsed laser deposition. The
thickness of all the films was controlled to be 250 nm. The crystallinity of the films was
analyzed by the X-ray diffraction (XRD) pattern. The results revealed that all the films
were well-oriented (001) ones. The oxygen contents were controlled by post annealing the
as-prepared thin films at various temperatures and oxygen pressures. This method has
been proven to be capable of controlling the oxygen contents of the YBCO films precisely
and reversibly[10]. Resistivity ρ(T ) of the films was measured by the standard four-probe
method. To check the quality of our samples, we show the data of ρ(T ) in Fig. 1. The oxygen
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contents of YBCO samples are determined from the values of Tc [11]. The doping level is
obtained by using the formula 1− Tc/Tcmax = 82.6(p− 0.16)
2 with Tcmax = 92K for YBCO
and Tcmax = 84K for YCBCO, respectively [13]. It is seen that these samples are comparable
to those of the high quality thin films and single crystals in the literature. Furthermore,
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FIG. 1: Resistivity ρ(T ) of (a) YBa2Cu3O6.5; (b) YBa2Cu3O6.8; (c) YBa2Cu3O6.95; (d)
Y0.7Ca0.3Ba2Cu3O6.8. Here T
∗ is the onset temperature of pseudogap.
the pseudogap temperature T ∗ can be easily identified. For the p = 0.165 sample near
the optimal doping, T ∗ is in the vicinity of the superconducting fluctuation regime and is
difficult to determine by ρ(T ). However, it is plausible to assume that T ∗ ≈ 100 K at this
doping.
O K-edge XAS of cuprates has been studied before [5, 14]. However, to the best of
our knowledge, only a limited study of the temperature effects on XAS of cuprates was
reported [15]. To explore α through the spectral weight changes with T , O K-edge XAS of
YBCO and YCBCO was measured from T=300 K down to T ≤20 K. Fig. 2(a)-(e) shows
spectra of YBCO and YCBCO for various doping levels. The features of the O K-edge
XAS at E = 527.5 eV, 528.2 eV, and 529.4 eV are attributed to the CuO chain holes, the
Zhang-Rice band, and the upper Hubbard band, respectively. For YCBCO with p=0.23,
the feature of the upper Hubbard band is elusive as reported in Ref[6]. In Fig. 2(f), the
O K-edge XAS of SrTiO3 is shown for comparison. The spectra of SrTiO3 are shown to
demonstrate the presumably trivial temperature dependence as the peaks become sharper
at low T . It is then clear that the temperature dependence of O K-edge in YBCO is
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highly nontrivial. Both the the Zhang-Rice band and the upper Hubbard band features
bear noticeable changes due to the temperature variations from T=300 K to T <∼20 K.
Generally, the the Zhang-Rice band spectral weight SZR increases at low T while that of the
upper Hubbard band (SUHB) decreases. These changes are especially obvious for the deeply
underdoped sample YBa2Cu3O6.5. To the contrary, temperature variations of YCBCO O
K-edge XAS are very similar to those of STO, mainly showing trivial line width sharpness
with decreasing T . To analyze the spectrum changes more quantitatively, XAS intensity
differences ∆S(T ) ≡ S(T ) − S(300K) were plotted in Fig. 3. These plots further confirm
the above mentioned spectrum changes of both the the Zhang-Rice band and the upper
Hubbard band features. The Gaussian peak fit was used to extract the values of SUHB and
SZR form the σ(T=300 K) for each YBCO. The values of ∆SUHB and ∆SZR were obtained
from the integration of the spectral weight changes as depicted in the bottom of Fig. 2(a).
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FIG. 2: O K-edge XAS at various temperatures of (a) YBa2Cu3O6.9; (b) YBa2Cu3O6.8; (c)
YBa2Cu3O6.5; (d) Y0.7Ca0.3Ba2Cu3O6.8; (e) SrTiO3 (f)YBa2Cu3O6.35. In (a), XAS intensity def-
erence of YBa2Cu3O6.5 is denoted as the black lines. ∆σ = σ(<∼ 20K)− σ(300K). The areas with
the slashes and the vertical lines denote the spectral weight changes of the Zhang-Rice band and
the upper Hubbard band, respectively.
The non-trivial changes in the spectral weight can be related to α in at least two scenarios.
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FIG. 3: ∆SUHB(T ) and ∆SZR(T ) of (a) YBa2Cu3O6.5; (b) YBa2Cu3O6.8; (c) YBa2Cu3O6.95; (d)
Y0.7Ca0.3Ba2Cu3O6.8. ∆S(300 K)≡0. ∆SUHB(T ) of Y0.7Ca0.3Ba2Cu3O6.8 due to the absence of
UHB. The lines are guides for eyes.
One scenario is to attribute the entire ∆S to α. In this case, ∆SUHB/SUHB = αUHB/(1−p).
This way the dynamical spectral factor αUHB can be estimated from the change of the upper
Hubbard band. Values of ∆SUHB/SUHB can be found in Table I. The resultant values of
αUHB=0.043, 0.043, and 0.10 for p=6.95, 6.8, and 6.5, respectively. These numbers coincide
with those of the recent calculations with αUHB=0.05 or 0.06 for the underdoped cases [9].
It is noted that the formation of the proposed 2e boson bound state [9] at low temperatures
could qualitatively explain both the temperature dependence of O K-edge XAS of YBCO
and why the change of the upper Hubbard band is most significant in the deeply underdoped
sample (Fig. 2). However, applying the same analysis to the changes of the Zhang-Rice band
by ∆SZR/SZR = αZR/p leads to values of αZR which are too small: α =0.008, 0.006, and
0.003 for p = 6.95, 6.8, and 6.5, respectively. The conventional picture of 2p+α would only
double the values of αZR. Apparently, the values of αUHB are not consistent with those
of αZR in this scenario. It has been argued that the spectral weight from the associated
the Zhang-Rice peak energy range might not be a good indication of SZR [16] due to the
observed saturation in the overdoped regime [6]. In this case, the dynamical corrections are
more faithfully manifested by αUHB. Since undoped cuprates are actually charge transfer
insulators, it is likely that the carrier doping in O 2p states and the dynamical double
occupancy in Cu 3d states respectively lead to different spectral weight transfers.
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As another scenario considering both the conservation of states and the temperature
dependent spectral weight, α could already exist at T=300 K and be temperature dependent.
This scenario leads to the coupled equations ∆SUHB/SUHB = ∆α/(1 − p − α − ∆α) and
∆SZR/SZR = ∆α/(2p+α+∆α). Apparently, these equations are free from the dependence
on electron-photon matrix elements. The resulting α∗ at T ∗ and ∆α = α(300K)−α(<∼ 20K)
are listed in Table I. The temperature variation of ∆α is about 0.03 and is of the same order
of magnitude as αUHB in the previous paragraph. Values of α for all samples are quite
large. (The 2p+2α scenario [9] would make α slightly larger but do ∆α about the same.)
However, these large values are not implausible. In the effective one band Hubbard model
for cuprates, U is actually the charge transfer gap between O 2p and Cu 3d states. From
the energy difference between the Zhang-Rice and the upper Hubbard band peaks in Fig. 2,
U ≈1.5 eV, which is roughly the same as that (≤2.0 eV) obtained by optical measurements
[17]. This small U is responsible for the observed large exchange energy J=0.13 eV [17]
and also leads to a large α. Since the measured K for optimally doped cuprates [19] is
0.345 eV/Cu, using α = 2K/U , the estimated α ∼ 0.46 is consistent with those obtained in
Table I. Furthermore, the increase in K across Tc due to coherence of electrons also leads
to estimates of ∆α comparable to those in Table I. The large α could account for the faster
growth of SZR than 2p (or the faster decay of SUHB than 1-p), as suggested in Ref. [7].
It could also, at least partially, be responsible for the observed vanishing of the the upper
Hubbard band peak in the deeply overdoped cuprates (Fig. 2(d)) in addition to the factor
of the Zhang-Ricesinglet breakdown [6]. Data in Table I clearly show that α is linearly
proportional to T ∗ in the underdoped regime and eventually bends over and decreases in
the undoped limit as shown by sample with y = 6.35. It indicates that the formation of
the pseudogap enhances the particle addition states in cuprates [9]. Here the mechanism is
quite similar to that for the decrease in resistivity when T goes below T ∗.
One of the interesting questions is whether the temperature variation of the spectral
weight correlates with the formation of the pseudogap. This issue was previously raised
by an attempt to integrate the high energy scale in the Hubbard model [9]. In Fig. 3(a)
and (b), the pseudogap temperatur T ∗ is indicated for p=6.5 and 6.8. T ∗ of the slightly
overdoped p=6.95 sample is difficult to define from ρ(T ). In Fig 3(b), the rapid decrease in
SUHB with decreasing T occurs around T
∗ suggesting a correlation between ∆SUHB and T
∗.
However, this correlation is not so obvious either in Fig. 3(a) or 3(c). Likely, the decrease in
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TABLE I: Parameters extracted from Fig. 3. Here for samples with superconductivity in low
temperature (y = 6.9, 6.8, 6.5), ∆α is the difference of α at T = 300K and T <∼ 20K. α
∗ is the
value of α at T ∗. We find α ≈ 0.0011T ∗. Note that for y = 6.35, there is no measurable T ∗ and
(α∗, ∆α) are estimated based on T = 300K and T = 200K.
Sample p T ∗ ∆SRZ/SRZ ∆SUHB/SUHB α
∗ ∆α
YBa2Cu3O6.9 0.163 290 0.04724 0.05218 0.435 0.029
YBa2Cu3O6.8 0.13 240 0.04695 0.04932 0.587 0.027
YBa2Cu3O6.5 0.085 100 0.03661 0.10985 0.644 0.03
YBa2Cu3O6.35 0.06 * 0.02138 0.02968 0.496 0.013
SUHB is a crossover rather than a well defined transition. On the other hand, a jump of SZR
around Tc with decreasing T was observed for all samples with superconducting transitions.
This jump could be a manifestation of the charge redistribution in YBCO because it is
energetically favorable to have more holes residing in the CuO2 planes below Tc. This was
actually predicted in Ref. [18] with the change being estimated to be of order ∆/EF , where
∆ is the superconducting gap and EF the Fermi energy. This change of carrier concentration
can be up to several percents in YBCO [18] and is comparable to the present magnitudes.
These jumps appear to occur slightly above TC , indicating that condensation energy sets
in before the coherence of the cooper pairs. The significant larger change in the overdoped
sample compared with other three samples clearly reflects the electronic structure change
from underdoping to overdoping.
We note in passing that a similar T -dependent O K-edge XAS was found in
La1−xSr1+xMnO4. Here the mechanism was ascribed to the tetragonal distortion [21], charac-
terized by the bond length ratio, D=Mn-O(apical)/Mn-O(in-plane). Due to thatD increases
with decreasing T , the hybridization of O 2px,y (2pz) states with Cu 3d states leads to the
observed T -dependence. However, in contrast to the case of La1−xSr1+xMnO4, D deceases
with T in YBCO[22]. Consequently, the observed T dependence in the present experiments
is not due to the charge redistribution induced by the lattice distortion.
In summary, in addition to using carrier doping, it is verified that the temperature vari-
ation leads to further spectral weight transfer of O K-edge XAS in YBCO. The key exper-
imental features of the present work bear the non-trivial T dependence of XAS in YBCO.
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These spectral changes associated with the upper Hubbard band and the Zhang-Rice band
are identified as the dynamical contribution. The observation that α is linearly proportional
to T ∗ in the underoped regime indicates a strong link between pseudogap and the high energy
states through the double occupancy. Scenarios like 2e bosons could qualitatively explain
both the temperature dependence of the spectra and why the changes are most significant
in the deeply underdoped sample [9]. However, The details of these changes could not be
accounted by any existing theoretical model.
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